Assembly of hard disk drives (HDDs) needs to be done in an automated assembly machine (AAM) virtually free of particulate contamination that can cause them to malfunction. Fan filter units (FFUs) are installed above the AAM to reduce the number of suspended particles in the recirculating air flowing over and around them. At one time, several HDDs were found to be defective. To find out the root cause of this problem, computational fluid dynamics (CFD) was used to investigate the airflow over and around the AAM. It was found that the cause of the high particle counts was improper air speed from the FFUs. The optimal FFUs air speed needed to be in the range of 0.35-0.65 m/s in which the airflow would block out nearby airborne particles and purge away particles generated by the AAM effectively which would, in effect, reduce the particle counts down below the threshold level of class 100 clean room. A few available measurement tools at the factory were then used to perform validating measurements against the simulation results, and the validation was positive. This optimal speed range was implemented at the factory after which the level of contamination was reduced to an acceptable level.
Introduction
Thailand is a big producer of various electronics parts including hard disk drive (HDD). A major technical issue in manufacturing HDDs is particulate contamination. Since the slider head and spinning disk are only 3-10 nm apart during reading and writing operations, relatively big microparticles generated during the manufacturing process may lodge onto the disk and cause erroneous readings and writings. Hence, assembly of smaller parts into a fully functional HDD absolutely needs to be done in a clean room with very low airborne microparticle counts. For example, manufacturing of head stack assembly (HSA), a major component of HDD, is required to be done in class 100 of clean room. As defined in ISO class 6 of US FED STD 209E [1] , this type of clean room allows no more than 100 airborne particles bigger than or equal to 0.5 m in 1 ft 3 of air in the room. However, class 100 clean room is prohibitively costly to construct and very difficult to maintain; therefore, in real HDD production line, class 1,000 clean room equipped with fan filter units (FFUs) is employed instead. To reduce particle counts in the air above and around assembly machines (including automated assembly machine (AAM) that welds small electronic boards to the head gimbal assembly (HGA) of HSA in an HDD production line), FFUs blow away particles from them and recirculate clean air over them [2, 3] . This study was a collaborative research between the author and a few engineers at an HDD factory for the purpose of seeking out a solution for a problem of excessive particle contamination in some HDDs fabricated by the AAM at one time. The author had proposed using CFD simulation to find a solution for the problem because direct experiment was impractical and CFD simulation had already been proven to be reliable in many types of investigation.
Since the 1970s, CFD has been widely used to investigate airflow in various types of rooms, facilities, equipment, devices, and environments [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , but it has only been used for a few direct investigations of airflow over and around pieces of industrial machinery. Results from those investigations were very beneficial to our work and some are 2 Mathematical Problems in Engineering mentioned here. The following are examples where CFD has been used for various purposes: an investigation of the effect of the size of smoke particles on their individual trajectory inside a vertical laminar clean room [14] ; a simulation of the airflow inside a hospital operating room that led to a successful reduction of the level of contamination that, if left unaddressed, might be harmful to patients undergoing an operation in the room [15] [16] [17] ; a simulation of airflow and dust control in a laneway of coal mine to provide suitable guidance for the ventilation system of emergency rescuing [18] ; an evaluation of the performance of air cleaners and ventilation system of a small lecture room in order to find a way to reduce particle counts in the air inside [19] ; a simulation of trajectories that small particles moved along inside an HDD in order to find the best location for placing a circulating air filter [20, 21] ; a formulation of a method for controlling the level of particle contamination in a clean room for manufacturing LCD screens [22] ; a solution to resolve a water condensation problem in a production line of HDD factory [23] ; and an aid for a design of a wafer-making machine in a semiconductor manufacturing line that reduced particle contamination [24] . One of the previous studies successfully applied CFD to find the optimal air speed from FFUs that, after implemented, was able to reduce the level of particulate contamination on HDD parts fabricated by a welding automation machine (WAM) in an HDD factory [25] . It was a preliminary investigation that had not attempted to find the root cause of the contamination or make a comparison between the simulated results and actual measurements. This research was intended as the practical solution. This CFD investigation focused on the contamination problem of the AAM, finding the root cause of the particle contamination, validating the simulated results with the actual measurements at the factory, and seeking an effective solution to the problem. In addition, for our experiments, we purposely opted for the measurement tools that were readily available at the factory at that time so that the technicians there would be able to apply our experimental procedure easily and rapidly.
Theoretical Background
Airflow pattern inside the microenvironment of an AAM was determined by solving a system of partial differential conservation and turbulence equations described in the user's guide of Ansys Fluent 17.1 software [26] . The conservation equations of mass (1), momentum (2), and energy (3) can be expressed by
The turbulence model used in this work is transition shear-stress transport (SST). It consists of four transport equations to represent the turbulent properties of the flow. These equations include 4 parameters: turbulence kinetic energy ( ), specific dissipation rate ( ), intermittency ( ), and transition momentum thickness Reynolds number ( ) that have to be set. The full forms of the 4 equations containing these parameters can be found in [26] . The Fluent CFD software solves (1)- (3) together with the 4 equations mentioned above to determine the airflow pattern.
The particle trace was calculated from a particle-force balance equation in the discrete phase model (DPM) in Fluent [27] :
where stands for forces that act on the particle such as rotational force, pressure gradient force, thermoelectric force, and Brownian force. These forces do not significantly affect micron-sized particles with ≫ ; therefore, only drag force and Saffman's lift force were taken into account in our simulation. Saffman's lift force [28] or lift due to shear can be written by
where is 2.594 and is the deformation tensor. A dispersed two-phase flow model was used to simulate particle traces. It took into account the interparticle spacing of the system, / . The type of contaminating particles that we chose to simulate was aluminum particles because they were most frequently found in the HDD factory. Their diameter was set to be 0.5 m, and the density was set at 2,719 kg/m 3 which was approximately three orders of magnitude higher than that of air (1.225 kg/m 3 ). The length scale L for the smallest element of our mesh model was set at 2.5 × 10 −5 m. All of these settings resulted in a value of 50 for the / term. According to a conclusion by Utikar et al. [29] , fluid phase and solid phase could be considered uncoupled if the value of / was less than 100; therefore, only one-way simulation was needed for our problem. Our simulation was done with Fluent software. The transition SST model was selected as the turbulence model. This model has been widely used in the HDD industry [30] . After the airflow pattern was determined, simulated particles were released into the airstream and their trajectories were calculated. With this careful and methodical selection of simulation method and settings, we believed that the results would be sufficiently reliable for our purpose. 
Methodology

Automated Assembly Machine (AAM).
The AAM investigated in this study operated as an automated welder of small electronic circuits to the HGA of HSA, a major component of HDD. The AAM within has a computer system and a mobile mechanic arm. This AAM was located in a production line inside a class 1,000 clean room in the factory. An FFU is a type of ventilation equipment in the shape of a rectangle of many sizes according to its usage. In this research, the size is approximately 0.60 m × 1.00 m × 0.30 m. The top side has an opening for the fan placed inside to ventilate air from above down below. The air speed exiting from the FFU can be controlled by setting the fan's speed. Within the FFU is also a HEPA filter, resulting in the exiting air that is laminar flow. The highly efficient HEPA filter, as defined by the United State Department of Energy (DOE), can filter particles sizes 0.3 m at least 99.97%. Laminar flow is necessary for manufacturing since it can block out and purge away particles during the manufacturing process better than turbulent airflows.
The AAM consisted of 3 main parts: FFUs that blew filtered air over its microenvironment, pieces of assembling machinery, and a conveyor that carried electronic circuits, HGA, and finished product of HSA. Simplified from the AAM model in Figure 1 , a working solid model of the AAM and the main airflow directions are illustrated in Figure 2 .
Fluid and Mesh Models.
We wanted to be able to track simulated particles as they were moving inside and outside of the AAM microenvironment; therefore, a fluid model and a mesh model were constructed, shown in Figures 3(a) and 3(b), respectively. Inside the microenvironment, the mesh model was made up of tetrahedron and hexahedron meshes, but only hexahedron meshes were used outside of it. The dimensions of the air inlet were 100 × 125 cm 2 and those of the air outlets were 120 × 100 cm 2 and 120 × 125 cm 2 . As for the global mesh control settings, the minimum mesh size, maximum face size, and maximum mesh size were assigned values of 0.05 mm, 36 mm, and 72 mm, respectively, with a growth rate of 1.2 and + ∼ 2. Mesh-independent analysis was performed by varying the size of the meshes at the air inlet and outlet in the range of 1-4 cm. The mesh size at the conveyor area was set to be 1 cm. The optimum mesh model, both in accuracy and computation time, was found to be consisted of 1.15 million nodes and 5.24 million.
Settings of Condition Parameters.
Simulation parameters were set to correspond closely with the measured ambient conditions and FFUs air speed at the HDD factory at the time that the contamination had happened. These parameter settings were the following: pressure at 106,300 Pa, temperature at 24. pressure difference at the outlet of 0 Pa. The pressure-velocity coupling was set to coupled, and the spatial discretization of pressure, momentum, turbulent kinetic energy, and turbulent dissipation rate were set to be second-order upwind. All other parameters were set to default. Steady state calculation was repeated until the solution converged.
Validation.
One of the best ways to observe airflow pattern in a clean room is to perform a smoke visualization test. However, we were not able to do so because CO 2 and H 2 O vapors as well as those of other liquids used for this purpose might condense on the AAM and other pieces of machinery in the room and cause incalculable damage. Hence, instead of validating our simulation results with observed airflow pattern, we chose to validate them by showing that the simulated airflow velocities and directions at key places in the microenvironment of the AAM matched the actual ones closely. The actual air velocities were measured with a ±0.03 m/s-accurate hot-wire anemometer. We measured the air velocities flowing perpendicularly through 18 points at the front-side and back-side outlets while the AAM was working, three points on each of the 3 chosen imaginary lines on the surface of each outlet. At each point, twenty measurements were made and the average value was calculated. The simulated air velocities at the same positions were obtained from Fluent software by using the mesh model in Figure 3 (b). It was found that the simulated air velocities and directions matched closely with the actual ones at all key places. As an example, Figure 4 shows the simulated and measured air velocities at 3 points along the imaginary lines The comparison between the airflow near the marked area in Figure 5 (b) compared to the flow direction of sewing threads in Figure 5 (c) shows conformation; the air in the marked area makes the sewing threads flow out of the AAM in a systematic pattern without any random crisscross patterns as found in turbulent air. The close matches of simulated and measured air velocities and directions at all key places validated that our simulation was sufficiently reliable.
Another piece of supporting evidence for the reliability of our simulation was that one of the simulated results was positively confirmed by actual occurrences at the factory. This result indicated that particles would get trapped on the conveyor at higher FFUs air speeds. It was indirectly confirmed by a report from a technician at the factory that the level of contamination in the fabricated products became unacceptably high at higher FFUs air speed settings. These occurrences are discussed further in the light of our findings in Results and Discussion.
Results and Discussion
Optimum FFUs Air Speed: Contamination on the Conveyor.
In order to find out how some pieces of products fabricated by the AAM at the factory got contaminated when the FFUs air speed was set at 0.60 m/s, we simulated releases of 300 spherical aluminum particles from various locations on the machine into the airstream. As can be seen in Figure 6 , the simulated result shows that most of the particles got carried away through the outlets at all 4 sides of the microenvironment, but a small number of particles got pushed onto the conveyor and contaminated it. This simulation confirms a contamination problem in the AAM. We also simulated releases of larger numbers of particles at different FFUs air speeds in a slightly lower but more extended range in order to find the optimum speed that provided the least contamination. The simulation process and results are described in detail as follows. We wanted to know the influence of FFUs air speed on the level of contamination on the conveyor, so we simulated releases of 3,000 particles at different FFUs air speeds ranging from 0.02 to 0.75 m/s and counted the number of trapped particles at each speed. Two opposing dependencies were observed: first, the higher the air speed, the lower the number of undetermined particles; and second, the higher the air speed, the higher the number of trapped particles on the conveyor. These dependencies were indirectly confirmed by a report from an operating technician at the factory that the level of contamination increased as the FFUs air speed was set higher than 0.70 m/s. As an example, it can be seen in Figure 7 that when the FFUs air speed was set at a typical air speed in a clean room of 0.02 m/s, only 0.48% of the released particles got trapped on the conveyor while 46.42% of them were left suspended in the airstream above the AAM, and they would either fall down onto the conveyor or get purged out of the microenvironment. Undetermined means the particle is yet unknown whether it will drop onto the conveyor, float out, or still remain inside the AAM. On the other hand, when the FFUs air speed was set at 0.50 m/s, 6.64% of the released particles got trapped while only 3.08% were undetermined. This trend seems to indicate that a lower air speed was unequivocally better; however, airflow at a lower speed was not as capable at blocking out particles from intruding into the microenvironment.
To see how the level of contamination on the conveyor was higher at a higher FFUs air speed setting, we plotted the air velocity vectors and traces of 300 particles released from random locations on the AAM at different FFUs air speeds. Figure 8 shows color-coded graphic results of the simulated particle traces at two different FFUs air speeds. At a very low FFUs air speed of 0.15 m/s, the velocities of the airstreams above pushing down on the released particles to the conveyor were not much higher than those in its immediate surrounding, so the particles were pushed down only relatively lightly; that is, the directions of some of the particle traces were downward but most were lateral as can be seen in Figure 8(a) . In contrast, at a very high FFUs air speed of 0.75 m/s as shown in Figure 8(b) , the velocities of the airstreams moving downward were much higher than those in the immediate vicinity of the conveyor; therefore, the particles got pushed down harder onto the conveyor; that is, the directions of the traces of a larger number of particles were much steeper downward, so the released particles were more likely to get pushed down onto the conveyor and contaminate it.
Based on these simulation results and several guidelines for setting a proper FFUs air speed in a clean room [1, 31] , we recommended a new optimal FFUs air speed range of 0.35-0.65 m/s as a better choice than the 0.50-0.70 m/s range previously implemented at the factory. A higher air speed would waste more energy without providing any less contamination.
Optimum FFUs Air Speed: Blocking Out Particles.
We also wanted to know whether the airflow from the FFUs in this optimal speed range of 0.35-0.65 m/s would be able to block particles from entering into the AAM microenvironment, hence we simulated releases of particles moving into the microenvironment from the outside at a typical air speed observed in a production scenario in which a few technicians were moving around and speaking to each other. In order to estimate such speed, we measured the air speeds from a technician breathing and speaking repeatedly for 100 times and found that those speeds were in the range of 0.12-0.26 m/s. Knowing this, we simulated the worst case: one hundred aluminum particles moving into the AAM environment in random directions at all four sides at a speed of 0.26 m/s against the airstream from the FFUs at a speed of 0.35 m/s. The results depicted in Figure 9 show that most of the particles got blown away before they were able to enter the microenvironment, and even though a few of them were able to do so, they only stayed in it for an extremely short time and then got blown out. Their residence time in the microenvironment was certainly not long enough for them to penetrate sufficiently far into it to contaminate the AAM. Simulation trials were repeated with larger numbers of particles up to 500 and higher particle speeds up to 50 m/s. The results were the same for all cases: virtually all particles got blown away before they were able to intrude into the microenvironment of the AAM and none of them were able to stay in it long enough to contaminate the AAM. It was not surprising that the simulated particles were not able to penetrate deeply into the microenvironment even when their speeds were relatively high since their momentum was very small. Based on these results together with those in Section 4.1, we concluded that an airflow from the FFUs at a speed in the range of 0.35-0.65 m/s would be able to protect the AAM from getting contaminated by airborne particles from the outside of its microenvironment.
Optimum FFUs Air Speed: Implementation Results.
Before and after the factory implemented our recommended FFUs air speed range, we measured the concentration of 0.5 m particles 10 times at each of the following 6 key locations around the AAM for a period of 1 minute each with a ±10% accurate laser particle counter: locations 1, 2, and 3 on the conveyor; location 4 at the front of the AAM; location 5 at the back of the AAM; and location 6 at the walkway around the AAM (see these locations and the results in Figure 10 ). The significance of these measured results is as follows. First, the airstream from the FFUs kept the concentration of particles at every key location far below the threshold level of class 1,000 clean room both before and after the air speed adjustment. Moreover, it reduced the concentration at 4 out of 6 key locations down to the threshold level of class 100 of clean room and even below that after the speed adjustment. Hence, the airstream from the FFUs at a speed in our recommended range truly augmented the capability of the class 1,000 clean room in the factory to function effectively as a class 100 clean room that was ideal for HDD production. Not shown due to limited space, concentrations of 0.3 and 5.0 m particles were also determined and found to be below the threshold level of class 1,000 of clean room.
Second, after the speed adjustment, particle concentration in every key location decreased. At the 3 locations at the conveyor, the concentrations became lower than the threshold level of class 100 clean room. Of note is that the concentration at location 4 at the front of the AAM was higher than those at location 5 at the back because there was no machine activity at the back while there were a lot of activities at the front. The particle concentration exceeded the threshold of class 100 clean room slightly only at location 4.
Third, the optimal FFUs air speed range of 0.35-0.65 m/s for the AAM that we found in this study is different from the optimum range of 0.35-0.55 m/s found for a welding automation machine (WAM) in the previous study [25] . This might be due to the difference in the height of the FFUs above each of the two machines; the WAM and its FFUs were 27.7 cm farther apart than the AAM and its FFUs were. We think that an optimal FFUs air speed for any machine crucially depends on the ambient conditions of the clean room, the shape and function of the machine, and the height of the FFUs above it.
From committing field research, we found that the root cause of overcontamination resulted from the movement of the AAM that rubbed against each other and released tiny particles. The trivial cause is particles from several activities of the operators outside the AAM and the production line. The factory resolved the problem by implementing vacuum cleaners or particle suction tools into the machines to suction the particles out of the AAM machine. This method is a waste of budget and energy since it is solving the problems at the rear end which is not a sustainable solving method. Therefore, these research results not only solve problems at the causes in a sustainable and economical manner but also save costs as well.
In the factory, there were many pieces of machinery installed next to each other in the production line (Figure 1(a) ), each having its own FFUs installed above it. If CFD is used to simulate the airflow above and around all of these machines, taking into account the different heights of the FFUs above them, we are fairly sure that the level of contamination can be reduced even further.
Conclusion
An automate assembly machine (AAM) used to manufacture the head stack assembly (HSA) of a hard disk drive factory met the contamination problem resulting in production of HSA that did not meet standards and needs solving. The factory required that, in the problem-solving process, all machines must not be stopped. Tools and equipment should be those that the factory already owns. Experimental methods that are simple and easy to transfer to the factory's engineers should be used. We proposed a problem solver by using the computational fluid dynamics (CFD) to simulate the airflow inside the AAM and validate the CFD results using an anemometer and sewing threads. CFD results showed the airflow and particle trace, letting us know that the air flowing out of the fan filter units (FFUs), or the FFUs air speed is in the range of 0.50-0.70 m/s. This range that the factory uses is inappropriate and is too fast resulting in contamination problems. We recommended the factory to slow the rate of the FFU's air speed down to be in the range of 0.35-0.65 m/s, which is already confirmed by the CFD analysis that this method can block out particles from outside flowing inside of the AAM, and purge away particles from the inside to the outside effectively. Accelerating the FFUs air speed over the recommended range not only causes contamination problems but also is a waste of energy. We also found that the optimal range of FFUs air speed for the AAM was not the same as those for other pieces of machinery. This was most likely due to their different shape and function as well as the different height of the FFUs above each of them. The factory adapted our recommendations for usage and found that yield was increased. The research results not also resolved the AAM contamination problems in a sustainable and economical manner but also saved energy as well. Viscosity of fluid.
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